We have previously reported the isolation of two broad-spectrum antimicrobial peptides ("magainins") from the skin of the African clawed frog Xenopus laevis. These natural peptides are active against many species ofbacteria and fungi and also induce osmotic lysis of protozoa. In this report we demonstrate that synthetic magainin peptides appear to be indistinguishable from the natural products with respect to chromatographic properties and biological activity. These studies demonstrate conclusively that the magainin peptides are potent antimicrobial substances.
ABSTRACT
We have previously reported the isolation of two broad-spectrum antimicrobial peptides ("magainins") from the skin of the African clawed frog Xenopus laevis. These natural peptides are active against many species ofbacteria and fungi and also induce osmotic lysis of protozoa. In this report we demonstrate that synthetic magainin peptides appear to be indistinguishable from the natural products with respect to chromatographic properties and biological activity. These studies demonstrate conclusively that the magainin peptides are potent antimicrobial substances.
We have previously reported the isolation of two broadspectrum antibiotic peptides called "magainins" from the skin of the African clawed frog Xenopus laevis (1) . The natural peptides were shown to be active against a broad range of microorganisms including Gram-negative and Grampositive bacteria, fungi, and protozoa (1) . Recently, Giovannini et al. (2) have shown that the magainin peptides (called PGS in ref.
2) are stored within the granular glands of Xenopus skin and are among the most abundant of the skin peptides of this amphibian.
In this report we demonstrate that the exceptionally broad range of antimicrobial activity exhibited by the magainin peptides recovered from Xenopus skin can be reproduced with synthetic analogues of the corresponding peptides. We show that the natural and synthetic peptides appear to be indistinguishable with respect to both biological and chromatographic properties. In addition, through the synthesis of several truncated analogues, we provide some insight into the structural requirements for the antimicrobial activity of the magainin peptides.
MATERIALS AND METHODS Purification of Magainin Peptides. Magainin peptides were purified from the skin of the ventral surface of a female X. laevis as previously described (1) .
Assay of Magainin Antibacterial Activity. The standard assay has been described (1 Solid-Phase Peptide Synthesis. Peptides were synthesized on an Applied Biosystems peptide synthesizer using the manufacturer's reagents. Deprotection and cleavage from the resin by anhydrous HF followed standard procedures (3, 4) . Methionine sulfoxides were reduced by incubation of the peptides in the presence of dithiothreitol (5) . Peptides were purified to homogeneity by HPLC as described in Fig. 1 . RESULTS As we have reported previously, several chromatographically distinct peptides with antimicrobial activity can be recovered from Xenopus laevis skin (1) . The purification that resulted in successful recovery of antimicrobial activity involved homogenization of the skin of an anesthetized female Xenopus in acetate buffer at pH 4.0, step elution chromatography on carboxymethylcellulose, followed by size fractionation on BioGel P-30. The active fraction was pooled and further resolved by reverse-phase HPLC. At least five majorcomponents eluting between 28 and 32 min could be reproducibly distinguished by HPLC (Fig. 1) . Each of these components exhibited antibacterial activity and had a minimal inhibitory concentration ofless than 10 ,ug/ml when assayed against Escherichia coli D31. Based on the semiquantitative antibacterial assay utilized in the purification (1) , we estimated that these fractions together approximately accounted for the total activity subjected to HPLC fractionation.
Each of the five components was sequenced separately by the Edman degradation procedure using an Applied Biosystems gas-phase protein sequencer. The primary sequences are listed in Table 1 (Table  2) . Thus, the sequences of components 3 and 5 are identical to the sequences of magainin 2 and 1, respectively, deduced from the partial cDNA sequence (1) . The other components appear to be derivatives of the two parent peptides.
Peptides representing components 1, 3, and 5 were synthesized by the standard solid-phase method ofMerrifield (3) on an Applied Biosystems synthesizer (4) . After complete deprotection and cleavage by anhydrous HF, the product was reduced in the presence of dithiothreitol and was desalted (5) . The peptides were further purified by HPLC, as described in Fig. 1 . The sequences of the synthetic peptides were confirmed by sequence analysis on the automated sequencer as described 910
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. above. Synthetic components 1, 3, and 5 were found to elute with retention times on HPLC identical to those of the native peptides ( Fig. 1) , supporting the identity of the -peptide sequences of the natural and synthetic products. Antimicrobial activities of the synthetic peptides were assayed against a panel of Gram-positive and Gram-negative bacteria and one fungal species (Table 3) . Organisms were inoculated in trypticase soy broth containing various concentrations of magainin 1 (component 5), magainin 2 (component 3), and truncated magainin 2 (residues 1-22 of component 3, which is identical to component 1). As seen in Table 3 , magainin 2 demonstrated a broad antimicrobial spectrum. Removal of the carboxyl-terminal serine residue of magainin 2 reduced the potency against the organisms tested by a factor of 5-10. Magainin 1, which differs from magainin 2 by two substitutions (see Table 1 ) had a potency in vitro, which was also about 5-10 times lower than magainin 2. Magainin 1 and 2 did not show significant synergism when added together to an in vitro assay (data not shown). Limited comparison of the native and synthetic peptides against several of the same organisms (Table 2 ) suggest that they represent equivalent activities.
Previously, we have reported that the natural magainin 2 peptide induced apparent osmotic lysis of several protozoan species (1). This activity was exhibited by the synthetic peptide as shown in Fig. 2 . When Paramecium caudatum was exposed to synthetic magainin 2 at 10 ,ug/ml in pond water (or 1% trypticase soy broth in distilled water), immediate swelling ofits contractile vacuoles was observed followed by subsequent osmotic rupture ofthe organism (Fig. 2) . Since the synthetic and natural peptides exhibit comparable specific activities againstP. caudatum (1) and induce apparently indistinguishable effects on this organism, the experiments confirm that the synthetic magainin peptides possess the antiprotozoan activity attributed previously to the natural product.
To further explore the sequence requirements for antimicrobial activity of the magainins, a series of synthetic peptides truncated successively from the amino-terminal end of magainin 2 were synthesized. A representative antimicrobial assay is presented in Fig. 3 . Fifty micrograms of each peptide was applied directly to a freshly prepared lawn of E. coli on the surface of an agarose plate containing standard trypticase soy broth. After 15 hr at 37°C, antimicrobial activity of the peptide series was assessed. The aminoterminal residues Gly-Ile-Gly could be removed from magainin 2 without significantly altering antimicrobial activity (peptide 97 Carboxyl-terminal analysis was performed and the number of residues of each amino acid released was based on the yield of isoleucine = 1.00. Asparagine and serine were not separated in the amino acid analysis system employed. The amino acid residues correspond to residues 15-23 of the magainin peptides.
residue four reduces activity strikingly (peptide 5-23). Further truncation of the peptide at the amino-terminal end eliminated activity almost entirely (peptides 6-23 and 7-23). Similarly, when the minimal inhibitory concentration ofthese peptides was assayed quantitatively against Saccharomyces cerevisiae in liquid media (as described in Table 2) , it remained at about 20 ,ug/ml with removal of the first three residues. It rose to about 200 ,ug/ml on removal of Lys-4 but lost growth inhibitory activity at concentrations up to 1 mg/ml for species shortened by removal of five and six residues from the amino terminus. A qualitatively similar activity profile for this peptide series was also noted with respect to their capacity to induce swelling of P. caudatum, as described above. Thus, whereas removal of the first three residues from the amino terminus does not appear to reduce the potency of these peptides with respect to swelling activity, the species shortened by six residues does not exhibit this activity at concentrations up to 100 ,ug/ml. The data suggest that a general loss of antimicrobial function occurs upon removal of the first five or six amino-terminal residues of magainin 2.
DISCUSSION
In this report we have shown that synthetic magainin peptides have chromatographic and biological properties similar or identical to the natural peptides purified from Xenopus skin.
The broad spectrum of action exhibited by these substances reflects intrinsic properties of these peptides and cannot be attributed to potent heterogeneous contaminants. The identity of the natural and synthetic peptides further suggests that the active natural peptides are generated by proteolysis from their precursor without additional posttranslational modification.
The population of antimicrobial peptides isolated from Xenopus skin by our published procedure (1) included the two 23-residue species and the corresponding peptides of 22 residues, which are shorter by a single residue at the carboxyl terminus. We have previously described the structure of a cDNA encoding a portion ofthe magainin precursor (1) . Both magainin 1 and magainin 2 are present in a precursor, which is at least 160 amino acids long and contains at least one copy of magainin 1 and two copies of magainin 2. Both 23-amino acid magainin peptides are bracketed in the precursor by putative proteolytic cleavage sequences, an arginine adjacent to the amino-terminal glycine and a lysine-arginine dipeptide adjacent to the carboxyl-terminal serine (1) . The heterogeneity observed at the carboxyl terminus presumably reflects proteolytic action on the 23-residue peptide, either occurring naturally or obtained through purification. Since the 23-residue magainin 2 peptide exhibits higher specific activity than the corresponding 22-residue species, we assume that (1-7) [1] [2] [3] [4] [5] [6] [7] (1-7) [1] [2] [3] [4] [5] [6] [7] (1-7) Acinetobacter caloaceticus (19606) Minimal inhibitory concentrations were determined as described (1, 2 the longer peptides represent the "mature" species, whereas the shorter ones represent degradation products.
Although the mechanism ofaction ofthe magainin peptides remains to be defined, their action on protozoa suggests that they can very rapidly disturb certain membrane functions. The magainin peptides can be configured as amphiphilic a-helices (1) and are of sufficient length to span a lipid bilayer, which is estimated to require at least 20 residues in an a-helical structure (6, 7) . Although such structural features frequently characterize peptides with membrane-disruptive properties (6), such as mellitin (6) and Bombinin (8), the magainin peptides do not lyse human erythrocytes (1) . Furthermore, since they do not physically disrupt the various membrane-bounded organelles in Paramecium, but rather interfere more subtly with functions affecting water flux, they do not appear in this system, either, to behave as simple detergents. The dramatic loss of activity of the magainin 2 peptide as it is shortened below 19 residues in length is compatible with a mechanism of action that requires the peptide to span the lipid bilayer ofa membrane as an a-helical structure. The loss of activity of these shortened synthetic peptides in all systems ranging from bacteria to yeast to
Antibacterial activity of magainin 2 derivatives proressively shortened at the amino terminus. Synthetic peptides were prepared as described in Fig. 2 
